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Abstract 
The paper presents a method used in determining the thermal performance of the building envelope components by considering the 
thermal bridge existence in the structure of the plan construction element. The method is based on a methodology where the real 
construction element will be replaced by an equivalent 1D element that will allow the calculation of the thermal behavior in unsteady 
thermal regime. The results obtained using the presented method are identical with the ones obtained using computer programs that use 
unsteady thermal regime with a plan discretization of the real construction elements. Applications were made for constructive solution 
used in current building design activity by Romanian structural engineers. Based on the obtained results, a model was established for 
calculating the unidimensional heat flow that simulates the same effect as in the case of a bi- or tri- dimensional regime. 
©2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee EENVIRO 2015. 
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1. Introduction 
Based on the requirements in the European Union regarding the energy efficiency of buildings and CO2 
reduction [1], the member states have set different restrictions on the annual energy consumption of a building, 
requirements that must be respected by specialists from the buildings’ energy design field. An important role in 
establishing the thermal performance of the building envelope is given by an accurate assessment of the thermal 
bridges effect on the overall behavior of the building. Thermal bridges are weak thermal parts of the building 
envelope, being characterized by increased thermal transmittances and increased heat losses [2-3]. 
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In the heat transfer study through the building enclosure, the thermal bridges effect constitutes a problem because 
are either neglected, or their calculation is not implemented properly [2-5]. This is due to the fact that for a good 
period of time heat transfer through the elements of the building envelope was considered as unidirectional. Lately, 
tackling thermal bridges importance in the building thermal performance assessment and the risk of surface 
condensation, acquires a growing importance due to appearance of several standards that explain how those should 
be considered in thermal calculations of building enclosures. [6-7] 
Another problem regarding thermal bridges behavior is that the thermal inertia effect is not considered in 
calculation when establishing the energy performance of a building, although that the thermal inertia is an important 
parameter that influences the thermal comfort conditions, the heating and cooling energy demand of buildings. [8] 
Heat transfer through envelope components is dynamic and complex. Unidirectional calculations cannot show the 
real behavior of the enclosure and are inaccurate in establishing the energy consumptions and in the end, the total 
energy performance of the building. Therefore, designing low energy or even zero energy buildings by using only 
the U value approach, which looks only at the thermal resistances value of the composing layers, is insufficient. It is 
necessary to consider also the dynamic properties (i.e. thermal inertia of the thermal bridges) in evaluating the 
thermal performance of a component in order to obtain accurate results. The paper establishes a method for 
obtaining through unidirectional calculation in unsteady thermal regime the same results as in the case of plan 
calculation in unsteady thermal regime 
Nomenclature 
d thickness of  the material (m)  
λ  thermal conductivity of the material (W/m.K) 
ρ apparent density of the material (kg/m3) 
c specific heat of the material (J/kg.K) 
h superficial heat exchange coefficient (W/m2 K) 
Rfield thermal resistance in the current field of the element (m
2 K/W) 
Rsi thermal resistance of inner air film (m
2 K/W) 
Rse thermal resistance of outer air film (m
2 K/W) 
R’ adjusted thermal resistance (m2 K/W) 
U thermal transmittance (W/m2 K) 
L2D thermal coupling coefficient (W/K) 
ψ linear thermal transmittance (W/m.K) 
l thermal bridge length (m) 
θi interior temperature (
oC) 
θe exterior temperature (
oC) 
θem mean exterior temperature (
oC) 
Aθe amplitude (
oC) 
ε phase shift (h) 
qi,max   maximum value of the thermal flow on the interior surface of the element (W/m
2) 
t time (h) 
2. Case study 
The studied construction elements belong to a reinforced concrete (rc) frame structure with 30x40cm columns, 
30x50 cm beams and 14 cm reinforced concrete slabs. The brick masonry is a 25 cm hollow ceramic block, rendered 
on both faces. Studies were made for three types of construction elements: (i) exterior wall with rc column, (ii) 
horizontal intersection of exterior-interior wall, (iii) rc slab and exterior wall intersection. For each element four 
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cases were studied: uninsulated, thermally insulated with 10, 15 and 20 cm of expanded polystyrene. Due to space 
limitation only the results for the exterior wall with concrete column are presented. The properties and the 
corresponding criteria number are given in table 1. The corresponding materials for the numbers mentioned in figure 
number 2 are the ones given in table 1.  
                 Table 1. Thermal characteristics of the materials 
No. Materials d λ/ h ρ  c 
int Interior environment  7,692*   
1. Interior plaster - mortar 0,020 0,87 1700 840 
2. Hollow ceramic blocks 0,25 0,15 921 1077 
3. Air cavity 0,025 0,15 1,23 1006 
4.  Adhesive – mortar  0,025 0,93 1800 840 
5. Extruded polystyrene EPS – rigid foam 0,10-0,20 0,04 20 1460 
6. Reinforced concrete Based on studied case 2,03 2600 1000 
7. Exterior plaster- mortar 0,015 1,00 1800 1000 
Exterior plaster –decorative plaster 0,010 0,70 1700 840 
ext Exterior environment  25**   
           * hi of the interior superficial air layer ** he  of the exterior superficial air layer 
 
a)                                                                     b) 
Fig. 1. Horizontal section exterior wall with rc column of 30x40 cm (a) uninsulated (b) thermally insulated with 15 cm of EPS 
2.1. Calculation of ψ and R’ values 
The L2D and ψ coefficients and the R’ values were established based on the real geometry of the constructive 
solution, using the following formula: 
¦  iiD lUL2\    (1) 
The calculations were made with the help of the „PSIPLAN” software [9]. The program uses the numerical method of 
high accuracy for thermal balance written in the nodes of the computing network, based on the stipulations of the SR EN 
ISO 10211 [6-7]. The program is similar to other available software that are using plan temperature fields, generating the 
same results because of the energy equilibrium equation systems that are written in the network nodes and the 
mathematical solutions that are unique, regardless of the structure and type of the computer program that was used. 
  
Fig. 2. Exterior wall with rc column of 30x40 cm (a) uninsulated (b) thermally insulated with 15 cm of EPS 
a b 
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Results obtained for the four studied cases in steady thermal regime are given in table 2.  
                                                 Table 2. Numeric results for the exterior wall 
Calculated 
coefficients 
Exterior wall 
Thermally uninsulated 
Thermally insulated 
10 cm 15 cm 20 cm 
L2D 2,563 0,811 0,582 0,459 
ΣUi.li 1,520 0,629 0,493 0,405 
Ψ 1,043 0,182 0,089 0,054 
R’ 1,112 3,516 4,895 6,202 
2.2. The thermal bridges effect in establishing the thermal dynamic properties 
Five computing models were defined with the aim of including the thermal bridges effect in evaluating the 
dynamic performance of the building envelope components. The five calculation models are presented below:  
Model 1: the calculations are made by using the geometric characteristics from the current field of the element, 
without considering the thermal bridges effect and the thermal inertia D of the element. Based on the real 
thicknesses and thermal conductivities of the materials, the Rfield value was established. 
Model 2: the real model is transformed into an equivalent model having layers of homogenous thermal conductivity. 
The Rfield is calculated, value that must be equal to the R’ value of the real element that has the thermal bridge. 
Model 3: the real element is considered in calculations along with its thermal inertia properties c and ρ from the 
current field, without considering the thermal bridge effect, based on the standard methodologies [10-13] 
Model 4: is the proposed calculation method entitled „the equivalent method”. The model is similar to the 2nd 
model, but it also takes into consideration the effect of the thermal inertia properties of the element. With the layers’ 
thicknesses and homogenous thermal conductivities, the new thermal inertia properties c and ρ are established, with 
respect to the condition of ensuring the thermal inertia D of the real element. 
The calculations for model 1 to 4 were made with the RENESTL software for unsteady thermal regime, 
unidirectional case [10][12][14]: 
t
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   (2) 
The “RENESTL” software was developed by the research staff of Building Physics, Faculty of Civil Engineering 
Cluj-Napoca. The program allows the comparison between several structures of enclosures in terms of thermal 
inertia, phase shift, thermal insulation performance and the risk of interior condensation. Contour condition, interior 
temperature θi and exterior temperature θe are accepted as varying by simple sinusoidal laws, complex polynomials 
or by discrete values. The results obtained for the unidirectional models 1- 4 are presented in table 3-5. 
Model 5: dynamic calculations are made using the RENESTP software for the real geometry. The program uses 
the heat transfer differential equations in unsteady (transient) thermal regime, bi-dimensional case [14]:  
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   (3) 
The simulations for obtaining the interior heat flow for the five models were made by considering a constant interior 
temperature θi=20oC and a sinusoidal variation for the exterior temperature, defined by the following formula [10][12]: 
¹¸
·
©¨
§  HSTT T 12sin
tA eeme
   (4) 
 Bogdan Brumă et al. /  Energy Procedia  85 (2016)  77 – 84 81
θem=2.9
oC for Cluj-Napoca town (Romania), Aθe=10
oC, ε=9, Rsi=0,13 [(m2.K)/W], Rse=0,04 [(m2.K)/W] [15].  
3. Results and discussions 
The presented results are the ones obtained for the case of an exterior wall with reinforced concrete column. The 
results for the five studied models are given in tables 3-6. The materials and the obtained results for the 
corresponding thermal properties are mentioned starting from the exterior environment on the first row and going 
through the structure of the element until it reaches the interior face of the element, i.e. the interior environment on 
the last row. For model 2 and model 4 the thermal insulation layer was divided in three layers having homogenous 
thermal conductivities. Thus, three apparent densities and three heat capacities were also calculated. 
 
Fig. 3. Horizontal section in the current field of the uninsulated exterior wall (a) and equivalent wall (b) 
 
Fig. 4. Horizontal section in the current field of the thermally insulated with 15 cm of EPS exterior wall (a) and equivalent wall (b) 
     Table 3. Model 1 and Model 2 – Exterior wall (a) uninsulated (b) thermally insulated with 15 cm of EPS 
No  Model 1 Model  2 
Materials 
d  λ / h  d   λ / h 
Case a Case b Case a Case b Case a Case b Case a Case b 
ext Exterior environment   25 25   25 25 
7 Exterior plaster- mortar 0.020 0.020 1.00 0.70 0.020 0.010 1.070 0.70 
4 Extruded polystyrene EPS – rigid foam  
0.15  0.04 
 0.10 
 
0.04 
0.025 0.0186 
0.025 0.266 
3 Air cavity  0.025  0.15  0.025  0.4244 
2 Hollow ceramic blocks 0.25 0.25 0.15 0.15 0.25 0.25 0.15 0.15 
1 Interior plaster - mortar 0.015 0.015 0.87 0.87 0.015 0.015 0.87 0.87 
int Interior environment   7.692 7.692   7.692 7.692 
Rfield  1.874 5.785 R’ 1.112 4.895 
 
a b 
a b 
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   Table 4. Model 3 – Exterior wall (a) uninsulated (b) thermally insulated with 15 cm of EPS 
No 
Materials 
d   λ / h ρ   c   
Case a Case b Case a Case b Case a Case b Case a Case b 
ext Exterior environment   25 25     
7 Exterior plaster – mortar/decorative plaster 0.020 0.010 1.00 0.70 1800 1700 1000 840 
4 Extruded polystyrene EPS – rigid foam  0.15  0.04  20  1460 
3 Air cavity  0.025  0.15  1.23  1006 
2 Hollow ceramic blocks 0.25 0.25 0.15 0.15 921 921 1077 1077 
1 Interior plaster - mortar 0.015 0.015 0.87 0.87 1700 1700 840 840 
int Interior environment   7.692 7.692     
Rfield  1.874 5.785 
Dfield   5.875 6.880 
 
   Table 5. Model 4 – Exterior wall (a) uninsulated (b) thermally insulated with 15 cm of EPS 
No 
Materials 
d   λ / h ρ   c   
Case a Case b Case a Case b Case a Case b Case a Case b 
ext Exterior environment   25 25     
7 Exterior plaster – 
mortar/decorative plaster 
0.020 0.010 1.070 0.70 2433.172 1700 1000 840 
4 Extruded polystyrene EPS – rigid 
foam 
 0.10  0.04  20  1460 
0.025 0.0186 67.014 1384.82 
0.025 0.266 472.926 1387.47 
3 Air cavity  0.025  0.4244  640.986  991.18 
2 Hollow ceramic blocks 0.25 0.25 0.276 0.359 1477.574 1432.4221 1066.19 1066.19 
1 Interior plaster - mortar 0.015 0.015 0.87 0.87 1700 1700 840 840 
int Interior environment   7.692 7.692     
R’
 
 1.112 4.895 
D’
  
 5.519 6.487 
 
                     Table 6. Exterior wall in the current field (a) uninsulated (b) thermally insulated with 15 cm of EPS 
Model 1 2 3 4 5 
Case Case a Case b Case a Case b Case a Case b Case a Case b Case a Case b 
qi,max   12,32 3.99 20.66 4.72 10.69 3.01 17.03 3.54 16.97 3.6 
ε  0.00 0.00 0.00 0.00 5.90 10.12 7.24 11.22 8.35 10.53 
Based on the calculations results for the five studied models the sinusoidal variation curves of the interior heat 
flow were generated. 
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Fig. 5. Comparison between the interior heat flows for the five models (a) uninsulated 
(b) thermally insulated with 15 cm of EPS 
Analyzing the obtained numerical and graphical results the following were observed: 
x a significant difference in results is obtained when considering the thermal bridges effect in steady or unsteady 
calculations; 
x the heat flow density on the interior face of the element has a higher value for the 2nd  model where the effect of 
the thermal bridge is considered compared to the 1st model that is commonly used in hygrothermal design; 
x the interior heat flow for the 3rd model has the lowest value of the studied models; 
x the 4th model gives an interior heat flow higher than the 3rd model but smaller compared to the 2nd model; 
x the interior heat flow decreases with the increase of the thermal insulation layer and the phase shift is higher at 
thermally insulated elements compared to the uninsulated case, with very small changes in values; 
x from all the studied models the 4th model has similar results with the 5th model that gives results close to the real 
behavior of the constructive solution. 
a 
b 
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4. Conclusions 
The existing energy simulation programs have two big issues that need to be resolved. First, the multi-
dimensional heat flow generated by a thermal bridge is considered unidirectional. Second, the thermal inertia of the 
element is not considered in calculations [2-3][4][16]. Therefore it is necessary to define a model for unidirectional 
calculation that has the same effect when establishing the building heating demand as using 2D or 3D calculation 
models. The 4th model described in the paper is recommended for unidirectional dynamic calculations that consider 
the effect of the thermal bridges inertia, because of the obtained results that are very similar to the ones obtained in 
bi-dimensional dynamic calculations.  
Thus, obtaining low and zero energy buildings requires a different approach in evaluating the thermal and energy 
performance a building. The proposed method allows real-time determination of the annual heat demand of a 
building in use, with positive consequences on the accurate design of the building heating system. 
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